Background. Blood clots perform the mechanical task of stemming the flow of blood.
Introduction
Blood clots have the essential mechanical task of stemming the flow of blood, and for the past six decades there has been continuing interest in resolving the mechanical properties of clots and their constituents [1] . The importance of the mechanical properties of a clot is underscored by the fact that they can be related to clotting disorders and disease [2, 3] . Properties of the whole, macroscopic clot can be determined via rheometry [3] [4] [5] [6] . Moreover, single molecule experiments [7] and the known X-ray structure of fibrinogen provide molecular information [8] .
A combination of rheometry, electronmicroscopy and small angle X-ray diffraction, has recently also been used to investigate the multiscale mechanical behavior of fibrin polymers [6] , suggesting that protein unfolding plays an important role at the molecular scale, while fiber stretching and fiber alingment play key roles at the meso-and macroscopic scales. However, single fiber properties that connect underlying molecular mechanisms and macroscopic mechanical properties of a clot, have only recently started to emerge, and their understanding remains far from complete [1] . This single fiber knowledge is critical for constructing mechanical models of clots and, thus, deeper understanding of clot behavior [1, 6] .
Blood clots are formed when soluble fibrinogen is converted to fibrin monomers that polymerize to form a network of fibrin fibers. The network is further stabilized by the formation of covalent bonds (crosslinks) between specific glutamine and lysine residues of the fibrin monomers [3] . It is this branched network of fibrin fibers that mostly determines the mechanical properties of a clot. Generally, the mechanical properties of such a network depend on three network properties [9, 10] : 1) the network architecture which describes the overall structural composition of the Mechanical Properties of Single Fibrin Fibers network; 2) the mechanical properties of the individual fibers that comprise the network; 3) the properties of the joints between fibers. The architecture of the fibrin network may be determined from microscopy images [3] . However, beside the extensibility and elastic limit [11] , the elastic modulus for small strains [12] and the rupture force of dried fibrin fibers [13] , the mechanical properties of single fibrin fibers are unknown. Yet, exactly this knowledge on the single fiber level is needed to construct and test mechanical models of clots and, thus, advance our understanding of clot mechanical behavior [1, 6, 9, 10] . The mechanical properties of fibrin fibers are among the crucial factors that determine if a clot will deform, rupture or embolize.
Considering the fact that blood clots can embolize, it is clear that physiological blood flow can create a large enough force to deform and rupture fibrin fibers.
We have developed a combined AFM/fluorescence microscopy technique to determine the mechanical properties of individual nanoscopic fibers [14] . We have collected stress-strain (force-extension) curves over the entire, extraordinarily large extensibility range of crosslinked and uncrosslinked fibrin fibers and report their distinct mechanial behavior. We have determined the i) extensibility (stretchability); ii) elasticity; iii) strain hardening behavior (stiffening with increased stretching), iv) energetic behavior (dissipated and stored energy); v) total and vi) relaxed elastic modulus (viscoelastic stiffness), and vii) stress relaxation behavior (timedependent behavior). We propose a molecular model, based on two major secondary structure transformations and an extension of the interacting C regions of the fibrin monomer, to explain the observed mechanical behavior.
Materials and Methods
Fibrin fiber formation. Uncrosslinked and crosslinked fluorescently labeled fibrin fibers were formed on a striated substrate made from cured optical adhesive (details, supplement). All experiments were carried out in "fibrin buffer" (140 mM NaCl, 10 mM Hepes, 5 mM CaCl2, pH 7.4). For each experiment, two samples were prepared in parallel. One sample was used for the AFM manipulation experiments, the other for SDS PAGE. Crosslinked samples showed complete  and crosslinking (≥ 90%), while the samples without added Factor XIII showed no crosslinking.
Manipulation of fibers.
The mechanical manipulations on fibrin fibers were performed with a combined AFM/optical microscope instrument (details, supplement). The schematic set-up is shown in Figure 1 A & B. The instrument is based on a Zeiss inverted optical microscope, a Hamamatsu, high sensitivity camera and a Topometrix Explorer AFM. The microscope stage was designed so that the AFM tip, fiber sample and objective lens can move with respect to each other, which allows alignment of the fiber with the AFM tip and objective lens. The AFM manipulation experiments were done with a nanoManipulator, a software program that interfaces the AFM with a force feedback stylus and a graphics computer [15] . The nanoManipulator provides control over the x-, y-and z-movement of the AFM tip. The AFM tip is used to stretch the fibrin fibers that are suspended across 12 m wide channels in the striated, transparent substrate. The fluorescence microscope, situated underneath the substrate is used to collect movies of this stretching process (for movies, see supplement). The extension of the fiber was determined by fluorescence microscopy and calculation using the distance traveled by the AFM tip (Fig. 1B) 
Results
Stress-strain curves. For manipulations, we selected single fibers bridging the grooves in a straight line approximately perpendicular to the ridge edge. We have found that most fibers are well-anchored on the ridges of the striated substrate, even at extreme fiber extensions. We excluded fibers that slipped on the ridges from our analysis. This experimental design yields a well-defined geometry to determine the mechanical properties of fibrin fibers ( Fig. 1 A & B) .
The mechanical properties of polymers are generally determined via stress-strain (forceextension) curves in which stress,  is plotted as a function of strain (deformation), , under a variety of conditions. For longitudinal stretching experiments, as done here, stress is defined as F/A, where F is the applied force and A is the initial cross-sectional area of the stretched polymer. This is the definition of the commonly used engineering stress, which uses the initial crosssection and does not consider how the cross-sectional area changes as  increases. Engineering stress gives a lower limit for the stress applied to the polymer, since the cross-sectional area most likely decreases as the fiber is stretched. Strain is defined as L/Linit, or (L/Linit)·100% , where L is the change in length and Linit is the initial length. A typical stress-strain curve of a fibrin fiber being stretched to 1.75 times its initial length, ( = 0.75 or 75%), is shown in Figure 1C .
The forward and return paths do not overlap; this means that energy (proportional to area under curves) is lost in this stretching cycle. However, although energy is lost, there is no permanent lengthening of the fiber ( on return path does not reach 0 until = 0). The energy loss is due to the viscous properties of fibrin fibers and it is an indication that fibrin fibers are viscoelastic polymers. The slope of this curve corresponds to the stiffness (modulus) of the fiber, here about 1.3 MPa. However, it is apparent that such a simple analysis of just the slope misses some key properties of the fiber, such as its viscoelasticity, energy loss, and stiffening with increasing strain. In our experiments we analyzed basic and viscoelastic mechanical properties. A typical movie sequence of a fibrin fiber stretching experiment is shown in Figure 1D -F (movies and additional data, see supplement).
Fibrin Extensibility and Elastic Limit. Previously, fibrin fiber extensibility, max, defined as the strain (extension) at which fibers rupture, was determined to be 333% and 226% for partially crosslinked and uncrosslinked fibrin fibers, respectively [11] . The elastic limit, elastic, defined as the largest strain to which fibers can be stretched and recover to their original length without visible permanent deformation, was previously determined to be 180% and 120% for partially crosslinked and uncrosslinked fibrin fibers [11] . It is important to note, that the fibers in this previous study were only partially crosslinked. Here, we determined the extensibility and elastic limit of fully crosslinked fibrin fibers. max was 147%, which is lower than both partially crosslinked and uncrosslinked fibrin fibers. We found the elastic limit of fully crosslinked fibers to be less than 50% strain. For a few manipulations, the elastic limit was 50% strain; however, many fibers showed permanent deformation at strains as low as 10% (see movie in supplement).
All mechanical properties of crosslinked and uncrosslinked fibers are summarized in table 1;   table S1 in the supplement also includes all the data for partially crosslinked fibers.
Strain hardening. Strain hardening refers to the phenomenon when the elastic modulus (stiffness, slope of the stress-strain curve) increases (hardens) with increasing strain. We observed strain hardening, occurring at approximately 100% strain, for all fibrin fibers.
However, crosslinked and uncrosslinked fibers do display several differences: Uncrosslinked fibers are initially softer; they show larger extensibilities and significant strain hardening.
Crosslinked fibers are initially stiffer, show less extensibility and show less pronounced strain hardening. In Figure 2A , a stress-strain curve of an uncrosslinked fibrin fiber is plotted. In Figure 2B the total elastic modulus, E0, i.e. the slope of the forward stress-strain curve in Figure   2A , is plotted as a function of strain. The curve displays a distinct sigmoidal shape; the total elastic modulus is relatively constant for the first 100% of strain; it then increases by a factor of about 3 and then remains at this higher value until the fiber ruptures. The strain hardening factor, h, i.e. the average ratio of the total elastic modulus at large strain (at  >110%) to that at small strain ( < 80%) are listed in Table 1 . On average, uncrosslinked fibers harden by a factor of 3.0 (p ≤ 0.0008). A strain hardening factor of 1.9 (p ≤ 0.049) was determined for crosslinked fibers.
However, while crosslinked fibers did show significant strain hardening, as indicated by t-test analysis, hardening occurred with less consistency. Figure 2C shows a crosslinked fibrin fiber, stretched to 130%, which does not show strain hardening. Mechanical Properties of Single Fibrin Fibers Stored and dissipated energy per stretch cycle. As seen in Fig 1C, not all of the energy put into stretching a fibrin fiber (area under forward stress-strain curve) is stored. A fraction of this energy is lost (dissipated) due to viscous processes. The dissipated energy is proportional to the area inscribed by the forward and backward curves. We have determined the amount of dissipated energy per stretch cycle as a function of strain ( Figure 3 ). Uncrosslinked fibers show little energy loss at low strains and 70% energy loss at high strains. Crosslinked fibers already show significant energy loss at low strains. Figure 3A shows three pulling cycles on the same uncrosslinked fibrin fiber with strains of 48%, 85% and 125%, respectively. It can be seen that the fiber dissipated almost no energy (all energy is stored) in the first pull ( = 48%), as the area between the forward and backward curve is very small. However, for larger strains ( = 85% and = 125%) a significant fraction (28% and 43%, respectively) of the energy is dissipated. It should be noted that even though large amounts of energy are dissipated, uncrosslinked fibers still return to their original length, meaning that they did not permanently lengthen, at strains less than 120% [11] .
In Figure 3B , the ratio (percentage) of dissipated energy to the total energy is plotted as a function of strain. The graph for uncrosslinked fibers shows a clear sigmoidal shape. The energy loss at low strains is very small; it then increases significantly at strains between 50%-100% and remains at a constant, higher energy loss level of around 70% for larger strain.
Conversely, crosslinked fibers showed significant energy loss at low strains (43% energy loss for small strains of  < 40%). At larger strains (> 40%), the energy loss increased to a plateau of 70% at 100% strain. This increased energy loss (at low strains) for crosslinked fibers is consistent with the notion that crosslinked fibers undergo permanent deformation at much lower strains (elastic < 50%) than uncrosslinked fibers.
Total and relaxed elastic moduli (fiber stiffness). Both uncrosslinked and crosslinked fibrin fibers show clear viscoelastic (time-dependent) behavior. We also found that crosslinking increases the stiffness (total and relaxed elastic modulus) by a factor of 2.
Incremental stress-strain curves [18] , are a technique to separate the elastic (energy stored) and viscous (energy lost) components in viscoelastic materials (Fig. 4) . In this technique, the fiber is stretched to a certain strain, where it is held constant for some time. Due to viscous processes, the fiber relaxes; that is, the force (stress) to hold it at that strain decreases. Subsequently, the fiber is stretched by another increment and held at constant strain. Again, the fiber relaxes and the stress decreases. This incremental straining is repeated several times. Figure 4A shows the strain vs. time curve of a fibrin fiber; the fiber was incrementally stretched to 23%, 46%, 75%, 104% and 138% strain and held constant at those strains for about 120 s. Figure 4B shows the corresponding stress vs. time curve of this fiber and it is readily apparent that the fiber relaxes (stress decreases) at each constant strain value. The x-axis (time) in Figure 4A and B are the same. The stress does not decay to zero, but to a constant value at each strain. When plotting each of the peak stress values vs. strain and the relaxed stress values vs. strain, the stress-strain Mechanical Properties of Single Fibrin Fibers curves in Figure 4C are obtained. The relaxed stress values, ∞ for t  ∞ were obtained by fitting two exponentials (details, see supplement). The slope of the higher curve in Figure 4C is the total elastic modulus, E0, obtained before relaxation, and the slope of the lower curve is the relaxed, elastic modulus, E∞, of fibrin fibers, obtained for t ∞. For crosslinked fibers, E0 was 8.0 MPa, and E∞, was 4.0 MPa. For uncrosslinked fibers, E0 was 3.9 MPa and E∞ was 1.9 MPa.
Somewhat simplistically speaking, E0 corresponds to the stiffness of the fibers when they are pulled fast; and E ∞ when they are pulled slowly. For comparison, other materials with stiffness in the MPa range are elastin fibers, spider silk, or a soft rubber band [19] . Fig. 4B , is indicative of viscous (timedependent) processes [5] . Stress relaxation curves are usually fitted with one or more exponential functions yielding stress relaxation times. We have done an analysis of the stress relaxation behavior of fibrin fibers using a generalized Kelvin model (see supplement). Both crosslinked and uncrosslinked fibers show two stress relaxation rates; a fast (2 s to 4 s) and a slow relaxation rate (49 s to 57 s). These two rates are indicative of two distinct molecular relaxation processes, such as a molecular unfolding or transformation event, occurring with these time scales.
Stress relaxation. Stress relaxation, as seen in

Discussion
We have investigated the mechanical properties of single crosslinked and uncrosslinked fibrin fibers. All our findings are summarized in table 1 (and table S1 , which includes the data for partially crosslinked fibers).
Our values for the total elastic modulus, E0, for uncrosslinked and crosslinked fibers (3.9 and 8.0
MPa) agree to within a factor of 2 with the small strain values obtained by Collet et al. (1.7 and 14.5 MPa) as determined by laser tweezers [12] . The differences may be explained by the different experimental set-ups and inherent, instrumentation-related errors.
The force per fibrin monomer can also be estimated from our data and compared with single protein unfolding experiments (calculations, see supplement). From our data, the force per monomer at 100% strain is about 140 pN, which is consistent with the 100 pN force to stretch a single fibrin monomer by 100% found by Brown et al. [7] . From our data, the rupture force per monomer is about 280 pN, which is similar to the 260 pN (2·130 pN) required to rupture the two A:a interactions between half-staggered monomers within a protofibril [20] . Interestingly, these forces are smaller than some protein unfolding forces [21] , suggesting that some regions of the fibrin monomer may unfold before the fiber ruptures.
The energy per monomer required to rupture the fiber, as obtained from the area under our stress-strain curves (2400 kJ/mol) is of the same order of magnitude as the melting enthalpy of fibrin molecules (4650 kJ/mol) [22] (calculations, see supplement), again indicating that fibrin may melt (denature), before the fiber ruptures.
Crosslinking had a significant and intriguing effect on several mechanical properties, and no effect on other properties. Uncrosslinked fibrin fibers are very extensible, are elastic at high strains, are relatively soft, show strain hardening by a factor of 3.0, and a sigmoidal energy loss curve going from 0% loss at low strains to 70% loss at high strains. Complete crosslinking makes fibers stiffer, less extensible, more susceptible to plastic deformation at a lower strain, and increased the low-strain energy loss. Being already stiffer, crosslinked fibrin fibers did not show the same amount of strain hardening and often did not extend to strains at which strain hardening would have occurred.  crosslinks form between two reciprocal sites on the abutting γ-nodules of aligned fibrin monomers within a protofibril, and they are thought to be oriented along the longitudinal fiber axis.  crosslinks form between numerous sites on the extensive, flexible and partially unstructured αC regions (221-610), and due to the length of this domain they may be oriented in the lateral (radial direction), and longitudinal direction. In previous experiments, partially crosslinked fibrin showed the largest extensibility (330%) [11] . Thus, crosslinking seems to have a bell-shaped effect on extensibility; from max ~ 230% (uncrosslinked) to max ~ 330% (partial crosslinking) to max ~ 150% (fully crosslinked). Full crosslinking appears to have a restricting effect on previously mobile regions (e.g. the αC regions), it may prevent unfolding of domains and/or it might tighten the fibrin monomer and protofibril interactions.
Clot rheology studies on whole clots showed that crosslinking induces a 2 to 3.5-fold increase of rigidity [3, 23, 24 ] of the whole clot, which is similar to the 2-fold increase in E0 of single fibers we observed.
To explain the observed mechanical behavior of fibrin fibers, we propose a model with the following three molecular mechanisms (Fig. 5) . The mechanisms may occur in parallel as the fibers are stretched. 1) -helix to -strand conversion of the two coiled coils of the fibrin monomer. This conversion can account for 90 -100% strain [7, 19] This model may explain several experimental observations. 1) Two relaxation rates. If viscoelastic mechanism 1 and 2 occur at different rates and if they are inter-convertible, two different relaxation rates would be observed. For example the -helical conversion may happen at a faster rate (and lower force) and the unfolding of the C region may happen at a slower rate (and higher force). 2) Strain hardening occurring at about 100% strain. The faster -helical conversion provides 100% strain, after that -nodule unfolding becomes dominant.
3) The dramatic and sigmoidal increase in energy loss with increasing strain. At larger strains the -nodule unfolds more extensively, which may not be totally reversible, thus resulting in large energy losses. 4) The elastic limit (no permanent lengthening) of uncrosslinked fibers is about 120% [11] . The  to  conversion (and initial unfolding of -nodule) may be largely reversible (despite some dissipative energy) and thus explain the observed 120% elastic limit of uncrosslinked fibrin fibers. 5) Brown et al. showed by force spectroscopy that a chain of fibrinogen monomers lengthens incrementally by about 90 -100% upon the application of force [7] . The -helical to -strand conversion of the coiled coils is consistent with these measurements. This conversion was also observed in computational simulations [28]. 6) Stiffening and decreased elasticity of the fiber upon crosslinking. The role of the two C regions in fiber assembly is still unclear; however, they are important for lateral aggregation [25-27].
The C-connector region alone (221-391) can extend 61 nm (122 nm for both), and the whole C region (221-610) can extend still farther. The C region could, therefore, elastically connect fibrin monomers within a protofibril, and they can also easily reach across adjacent protofibrils. The C region interactions may be partly responsible for the elastic recoil forces. It would explain that fully crosslinked fibers become stiffer, less elastic and less extensible. There are numerous crosslinking sites and full crosslinking may, thus, limit the mobility of the C-connector. More insights into the role of the  and  crosslinks could be gained by extending our single fiber experiments to crosslinking mutants [24].
It should now be possible to use our data on the single fibers, and the data from our companion paper on the strength of fibrin fiber joints [29] , to build a realistic, mechanical model of a blood clot, by utilizing recently developed network modeling approaches [6, 9, 10] . The model data could then be compared to whole clot measurements [3] [4] [5] .
It would be equally interesting to build a model of a single fiber starting with an arrangement of single fibrin molecules, and testing the mechanical properties of such a model against our data. see supplement for partially crosslinked fibers and statistics). Extensibility, max; elastic limit, elastic; E0, total elastic modulus; E∞ relaxed elastic modulus; 1 fast relaxation time; 2 slow relaxation time; h, strain hardening factor (ratio of the total modulus at low strains (0-80%) to the total modulus at high strains (above 110%). Thus, the total elastic modulus for uncrosslinked fibers has a value of 3.9 MPa at low strains and 11.7 MPa at high strains. Crosslinked fibers did not show consistent strain hardening. Eloss, percent energy loss per stretch cycle (energy loss at low strains is close to 0% for uncrosslinked, and ≤40% for crosslinked fibers).
* Values from [11] . 
Movie supplements (screen shots and captions)
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Materials and Methods
Preparation of Oregon-Green-labeled fibrinogen. Factor XIII-free fibrinogen (American Diagnostica, Inc. Greenwich, CT) was fluorescently labeled with about two Oregon Green 488 (OG) molecules as reported previously [1] .
Preparation of striated substrate. The striated substrate was prepared as reported previously [1] Manipulating fibrin fibers. The AFM manipulation experiments were done with a nanoManipulator (3 rd Tech, Chapel Hill, NC), a software program that interfaces the AFM with a force feedback stylus (PHANTOM, Sensable Technologies, Woburn, MA) and a graphics computer [3] . The nanoManipulator provides control over the x-, y-and z-movement of the AFM tip. For these experiments, the AFM tip was held at a constant height, so that the apex of the AFM tip was about 1 m under the fiber. As illustrated in Fig. 1 , the tip of the atomic force microscope (AFM) is then moved laterally to stretch fibers that are suspended across channels on the striated substrate. The initial fiber length, L init , was determined from optical images; the stretching displacement, s, was determined via AFM; the fiber strain L'-L init )/L init ·100% was determined using trigonometry (L' Determination of the stress involved several steps. The measured quantity is the "left -right" photocurrent of the AFM photodiode, I l , which results from the deflection of the cantilever. This signal needs to be converted into force, F. We typically used the Sader method [4] , based on cantilever geometry and resonance frequency (outlined below) and verified it with the Liu method, based on bending a glass fiber [5] . For rectangular cantilevers,
(see [5] ), where E = 1.69·10 11 N/m 2 is the Young's modulus of the cantilever material (silicon), w, t and L are the width, thickness and length of the cantilever and h is the tip height. S n = z/I n is the sensitivity, where z is normal (height) displacement of the cantilever and I n is the top -bottom photocurrent. We measured the cantilever length and width and tip height with the inverted optical microscope. The thickness of the cantilever was The diameter of each fiber was determined by AFM-imaging the fiber near the anchoring points on top of the ridges. Stress is calculated via σ  F/A, where F is force and A is the initial fiber cross-section (we assumed a circular fiber cross-section).
Estimation of instrumentation error. We estimate that the errors in the force calibration, fiber diameter determination by AFM, and the strain determination by optical microscopy and AFM are about 30%, 20% and 5%, respectively.
Strain hardening. Fig. 2B (main text) shows the slope of Fig. 2A (main text) . Energy loss: (Fig. 3, main text) ). The graph contains 24 and 61 data points for uncrosslinked and crosslinked fibers respectively. The data were smoothed by taking the sliding average of an  = 30% window with an  = 15% step size.
SDS Protein Gel Electrophoresis:
Fibrin samples for manipulation were prepared in parallel with samples to be used for protein gel analysis of fibrin crosslinking. Just like the samples prepared for manipulation, the samples for gel analysis were allowed to clot for 1 hr before adding reducing buffer and sampling buffer (Bio-Rad Lab Inc, Hercules, CA). The tubes were heated at 100ºC for 10 minutes and stored at -80ºC until the gel was run. Polyacrylamide protein gel, 4% stacking and 7.5% resolving, electrophoresis in SDS was used for molecular weight separation and the proteins were stained with commassie blue staining. Crosslinking was determined through density comparison of the beta to gamma band ratio or beta to alpha band ratio of uncrosslinked samples to partially crosslinked or crosslinked samples. 
Additional d Information on Fibrin Fiber Mechanical Properties
Elastic modulus vs. radius.
The average diameter of the crosslinked fibers was 390 nm, with a range of 124 nm to 800nm. The average diameter of noncrosslinked fibers was 180 nm, with a range of 94 nm to 708 nm. A plot of the total elastic modulus E 0 versus diameter, showed a trend of decreasing modulus with increasing diameter (Fig. S2) . A similar trend was observed for the rupture force dependence of dry fibrin fibers on diameter [2] . This suggests that the core of fibrin Mechanical Properties of Single Fibrin Fibers fibers is denser than the periphery. The decreasing modulus can be fit with a power law of the
where r is the radius of the fiber. For crosslinked and uncrosslinked fibers fibrin fibers r is -1.7 and -0.89, respectively (slope of log-log plot in Figure S2 ).
Stress relaxation and generalized Kelvin model. Stress relaxation in incremental stress-
strain curves is indicative of viscous (time-dependent) processes [6] , and may be fitted by exponentials of the form
Mechanistically this implies that upon stretching, elastic and viscous molecular processes occur within the fibrin fiber. In our model in Fig. 5 (main manuscript), we propose three different molecular mechanisms. (t) is the stress at any time t after relaxation started,  i is the stress due to time-dependent elements (see Kelvin model below),  i is the relaxation time and  ∞ is the stress left in the fully relaxed fiber (t∞). We have analyzed the relaxation processes of fibrin fibers at different strains. Figure S3A shows a typical stress relaxation curve for a fibrin fiber (red curve). Initially, stress relaxation is dominated by a fast relaxation rate, then by a slower rate.
A fitting curve, with two relaxation times,  1 = 1.3 s and  2 = 22.9 s, is applied in Figure S3A (green line); it matches the data in the fast and slow relaxation regions very well. Using only a single relaxation time did not suffice to fit the data (blue line); it could only match either the slow or the fast relaxation region. Crosslinked partially crosslinked and uncrosslinked fibers required a minimum of two stress-relaxation rates for accurate fitting. As listed in Table S1 , all have nearly the same fast rate (2 s to 4 s) and slow rate (49 s to 57 s). In Figure S3B , the relaxation rates are plotted as a function of strain and, although there is significant scatter, it appears that the relaxation times are independent of strain.
A simple mechanical model that can account for these observations (the two relaxation rates; stress does not decay to zero) is a generalized Kelvin model, consisting of an elastic spring with modulus E ∞ , in parallel with two Maxwell elements consisting of a dashpot and a spring in series ( Figure 3C ). For this model, the equation for stress relaxation becomes
E ∞ is the relaxed elastic modulus, E 0 is the total elastic modulus, E 0 = E ∞ +E 1 + E 2 . The relaxation times, the elastic modulus of the springs, and the viscosity of the dashpot elements are related via  1 =  1 /E 1 and  2 =  2 /E 2 . As described above, we have measured E ∞ , E 0 ,  1 ,  2 , which are model-independent. Fitting the data to the generalized Kelvin model we have determined E 1 , E 2 ,  1 , and  2 , which are model-dependent (see table S1 ).
The Kelvin model is intended as a macroscopic model that behaves mechanically equivalently to the fibers. Although the Kelvin model elements may not necessarily correspond to actual physical fiber elements, it is intriguing, and tempting to speculate that the Kelvin model elements may correspond to the three elements of our molecular model ( (viscosity 1, 2; relaxation time 1, 2) in series with a spring (elastic modulus E1, E2).
Detailed force per monomer and energy per monomer calculations. The force and energy
per fibrin monomer can also be estimated from our data and compared with single protein unfolding experiments and melting experiments. For example, the fibrin fiber in Figure 2 contains about 1600 monomers per cross-section (fiber radius, 165 nm; fibrin monomer radius, 2.25 nm; 30% protein content of fiber [7] ) and a force of 220 nN is required to stretch it to 100% strain. Thus, the force per monomer at 100% strain is about 140 pN, which is consistent with the 100 pN force to stretch a single fibrin monomer by 100% found by Brown et al. [8] . Using similar considerations, we estimate the rupture force per monomer to be about 280 pN (ε max =147%, strain hardening h=1.9). This value is similar to the 260 pN (2·130 pN) required to rupture the two A:a interactions between half-staggered monomers within a protofibril [9] . For comparison, the unfolding forces of T4 lysozyme (mainly -helical) and the titin Ig-domain (mainly -structure) are 64 pN [10] and 150-300 pN [11] , respectively. Thus, judging by these force considerations, it is certainly possible that some regions of the fibrin monomer unfold before the fiber ruptures.
The energy required to rupture the fiber is of the same order of magnitude as the melting enthalpy of the fibrin molecules contained in the fiber. Again, using Figure 2, kJ/mol). When taking melting curves of fibrinogen, two major peaks are observed [12] . The low-temperature peak (56°C) likely corresponds to three separate melting events within the D region and the high-temperature (95°C) peak likely corresponds to a melting event within the E region and the melting of the coiled coils. The enthalpy of melting (area under curve) of the low-temperature peak is 3350 kJ/mol and of the high temperature peak 1300 kJ/mol.
The total enthalpy of melting (4650 kJ/mol) is, thus, of the same order of magnitude as the rupture energy (2400 kJ/mole), again indicating that fibrin may melt (denature), before the fiber ruptures.
Mullins Effect.
Our data were all collected from 'first pulls' or 'small pulls'; that is from fibers that had not been significantly stretched before. The "Mullins effect" refers to the phenomenon that the force required to stretch a polymer is smaller in the second loading cycle then it was in the first cycle. This effect has been observed in a number of materials such as rubber, filler-reinforced vulcanized rubber, rubber-like materials, and rat left ventricular myocardium tissue [13] . We observed a Mullins effect in fibrin fibers when the strain is over 30%, 100% and 60% for crosslinked, partially crosslinked (see supplement) and uncrosslinked fiber, respectively. Figure S4 shows consecutive stress-strain curves of a fiber that was stretched to the same strain three times. The loading curve for the second pull (purple curve) is significantly smaller than for the first pull (red curve), although the unloading curves are very similar for these two. For the third pull (green curve) and all the following pulls (if fiber is not stretched even farther), the loading and unloading curve will follow almost the same path as the second pull. 
Partially Crosslinked Fibrin Fibers.
Partially crosslinked fibers were formed as previously reported [1] . Factor XIII (Enzyme Research Labs, South Bend, IN; final concentration, 100 Loewy units/ml) was added to the fibrinogen and buffer solution before thrombin was added. Other conditions and concentrations were the same as those used to form uncrosslinked fibers. SDS gel electrophoresis of the partially crosslinked samples showed 50 -75%  crosslinking and 25 -60% crosslinking (Fig S1) .
We don't completely understand why these fibers did not fully crosslink. Nevertheless, we feel that the results on the partially crosslinked fibers should be communicated for at least two reasons.
First, they may be physiologically relevant as they represent an intermediate state between uncrosslinked and fully crosslinked fibers. Second, they show extraordinary mechanical properties. As previously reported, partially crosslinked fibers have an extensibility of 333% and an elastic limit of 180%, both values higher than those for uncrosslinked and crosslinked fibrin fibers [1] . Partial crosslinking increased the extensibility and elastic limit, while the stiffness only slightly increased and the strain hardening and energy loss behavior remained similar to that of uncrosslinked fibers. We speculate that the more fully formed  crosslinks are responsible for the large extensibility, as these crosslinks may stabilize the fiber in the longitudinal direction.
Partially crosslinked fiber viscoelastic properties. Identical experiments to the ones reported in the main paper were done for partially crosslinked fibers. The results are summarized in table S1.
Engineering stress and incremental stress-strain curves were used to determine the total elastic modulus (4.6 MPa), the relaxed elastic modulus (2.6 Mpa) and the relaxation times (2s and 54s) of the partially crosslinked fibers. The generalized Kelvin model was once again used to fit the relaxation, such that elastic moduli of the springs, E 1 and E 2 , and viscosities of the dashpot elements, µ 1 and µ 2 , were determined. Partially crosslinked fibers showed similar strain hardening, h = 3.5 (p ≤ 0.0015), and energy loss characteristics to uncrosslinked fibers. Energy loss increases sigmoidally, with a low energy loss at strains below 50% which then increases to a higher total energy loss at strains above 100%. Although energy loss increases as strain increases, as previously reported, partially crosslinked fibers can be strained up to about  = 180% and still visibly return to their initial length [1] .
In our partially crosslinked fibers,  crosslinks were predominant. While in the crosslinked fibers  and crosslinking was complete (within the detection limit of the SDS PAGE) .
Our data suggest that the fully formed  crosslinks may be largely responsible for not only reducing fiber extensibility but also stiffening the fiber. Physiologically, crosslinks form more rapidly than crosslinks [14] . Therefore, the properties of partially crosslinked fibers may be representative of fibers found in newly forming clots which then progress with time to fully crosslinked fiber properties. Table S1 . Summary of mechanical properties of single fibrin fibers. The average values and standard errors are listed. Extensibility, max, (89 data points, crosslinked fibers), elastic limit, elastic, (55 data points, crosslinked fibers), E0, total elastic modulus; E∞ relaxed elastic modulus (moduli obtained from 86 crosslinked and 38 uncrosslinked data points collected over the entire strain range). 1 fast relaxation time; 2 slow relaxation time (average values of 86 data points for crosslinked fibers and 71 data points for uncrosslinked fibers). h, strain hardening factor; this is the ratio of the total modulus at low strains (0-80%) to the total modulus at high strains (above 110%) (average values of 26 uncrosslinked fibers). Thus, the total elastic modulus for uncrosslinked fibers has a value of 3.9 MPa at low strains and 11.7 MPa at high strains.
Crosslinked fibers did not show consistent strain hardening. Eloss, energy loss at high strains (energy loss at low strains is close to 0% for uncrosslinked, and ≤40% for crosslinked fibers). 
